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Molecular  Beam Epitaxy 
From Research to 
Mass-Product ion  - Part II 
Mohamed Hen in i  
Most physics undergraduates will have encountered the potential well as their first problem in 
undergraduate quantum mechanics. New crystal growth techniques such as molecular beam 
epitaxy (MBE) have made it possible to produce quantum wells in practice. This sophisticated 
technology for the growth of high quality epitaxial layers of compound semiconductor 
materials on single crystal semiconductor substrates is becoming increasingly important for 
the development of the semiconductor electronics industry. In the second part of this 2-part 
feature we get to grips with production by way of two companies, one merchant and the 
other a captive producer of electronic devices by multiwafer MBE. 
3.  MBE as  a P roduct ion  
Ep i tax ia l  Techno logy  
The demands on an MBE system in a 
production environment arc more 
stringent than a research machine 
because of the need to maintain 
consistent specifications on wafers 
of a given material structure. In an 
epitaxial production based operation 
the most important parameters are 
high throughput, uniformity in layer 
thickness, doping and composition 
profiles, low surface defect density, 
large wafer area, long up-time, and 
versatility. All these major factors are 
responsible for the sustained success 
of MBE as a growth technique for 
electronic and optoelectronic de- 
vices. 
For example, in the mass produc- 
tion of MMICs and high power HBTs 
with emitter fingers fabrication, it is 
necessary to control the defect den- 
sity which dominates direct perfor- 
mance such as breakdown voltage of 
MIM capacitors for MMICs. A low 
surface defect density of less than 10 
cm 2 are now routinely achieved. 
This is extremely impressive in a 
manufacturing environment. These 
defects can also cause process in- 
compat ib i l i t i es  w i th  f ine - l ine  
lithography. 
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Figure 7: World market of Hall elements as magnetic sensors 
MBE growth chemistry is relatively 
simple, and this facilitates the fabri- 
cation of many different types of 
epitaxial profiles and improves the 
reproducibilitT of layer compositions, 
which is important both in industrial 
and research environments where 
.wafers of different structures have 
to be grown. 
The source materials are relatively 
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pure and less toxic, and therefore 
reducing the number of variables 
influencing material quality and mak- 
ing the operation safer. 
In order to achieve greater produc- 
tivity, the semiconductor industry 
has consistently increased the size 
of wafer every few years. In the next 
few years we will certainly make a 
change from 150 mm wafer  to 
200 mm wafers and beyond. Of 
course this will present a major 
opportunity for fundamental change 
in the design and construction of 
manufacturing equipment and facil- 
ities. However, the wafer size will be 
crucial to the industry productivity, 
and indeed profitability, in the fol- 
lowing decade. 
Machine up-time is an important 
factor in the throughput of an MBE 
machine. The reduction in the cost of 
manufacture for MBE GaAs wafers 
and enhancement of the manufactur- 
Figure 9: In&s Hall elements from Asahi Chemical Industry Co. Ud. 
Figure 8: SEM photograph of the Hall element 
ability of GaAs MBE are continuously 
improved ue to the long up-time. To 
nlinimize the machine down-t ime 
preventive maintenance schedule 
and component  improvements are 
being adopted. The component most 
prone to failure is the continuous 
azimuthal  rotat ion (CAR) which 
holds the wafer during growth. This 
assembly is subjected to considerable 
mechanical motion in mass produc- 
tion. Furnace shutters and effusion 
cells also exhibit failures. In general, 
the up-time of an MBE machine is 
about 85%. 
Owing to the breadth of the entire 
MBE mass product ion technology 
and space constraints, I have chosen 
to focus pr imari ly on one MBE 
manufacturer,  one MBE epiwafer 
foundry,  and two la rge-vo lume 
applications. 
I,o0No4 
3(a)  VG and QED 
The VG Semicon VlO0 multi-wafer 
MBE, which was introduced in 1989, 
is capable of growing simultaneously 
12 two-inch, 5 three-inch, 3 four- 
inch wafers or 1 six-inch with thick- 
ness composition and doping uni- 
formly better  than 1.5%. With a 
system of this magnitude a through- 
put of 600 four-inch or 1000 three- 
inch per month can be achieved. This 
capacity could be increased if the 
long heating and cooling times due to 
the thermal mass of the platen are 
reduced. However, it is clear that 
material of exceptional uniformity 
can be grown by MBE in large 
quantities for device production. VG 
Semicon's V100 multi-wafer MBE 
systems ( see Figure 5) have attracted 
wide attention and is the world's 
leading production MBE system. This 
is demonstrated by the fifteen VlO0 
. systems which have now been sold 
worldwide to GaAs epi-foundries, and 
establishing the machine as a mass 
production MBE system. The VIO0 
systems in use at weU-known fabs 
include QED (2), Picogiga (2), Asahi 
Chemical Industry Co (2), and Mitsu- 
bishi Kasei (1). 
To illustrate the type of devices 
that are mass produced I will de- 
scribe the manufacturing capacity of 
QED, the major merchant MBE epi- 
wafer foundry. Quantum Epitaxial 
Designs (QED) is now one of the 
largest international suppliers of MBE 
wafers (over 30% market  share) 
according to the latest (1994) ex- 
ternal market survey. QED sells to 
large device houses, as well as pro- 
viding custom epiwagers for univer- 
sit ies and government  research  
consortia. At the heart of QED's 
facility is the VG V 100 which is the 
second system of its type installed 
in the wor ld  and the f irst in 
North America, see photo in Part 1. 
QED has purchased a second V100 
MBE which was installed recently. 
The MBE epitaxial wafer products 
available at QED include: 
• FETs: MESFET, HEMT, pseudo-  
morphic HEMT (PHEMT), Planar 
doped PHEMT, lattice matched 
HEMT (LMHEMT), Pseudomorphic 
LMHEMT, planar doped LMHEMT 
• Optoelectronics: edge emitting la- 
sers (780 to 1060 nm), surface 
emitting lasers (980nm), quantum 
wel l  in f ra red  photodetectors  
(8-15 ~tm), and MSM detectors  
(1.3-1.5 rtm). 
Table 1: Selected achievements and advances in MBE. 
3 (b)  P roduct ion  of  GaAs /  
A IGaAs  Lasers  
The first current injection AIGaAs DH 
laser was made in 1974. In 1979 
AIGaAs DH lasers with threshold 
currents as low as those prepared 
by LPE were obtained. However, 
those achievements did not lead to 
the mass production of AIGaAs laser 
diodes by MBE because of several 
problems. In 1984 ROHM (Kyoto, 
Japan) became the first company to 
succeed in mass producing AIGaAs 
DH lasers using a two-step MBE 
growth process. ROHM named this 
structure the SAM (serf-aligned by 
MBE) structure. With the practical 
development of MBE wafer fabrica- 
tion, and with the development of 
the SAM laser diode structure, ROHM 
has succeeded in mass producing a 
truly innovative series of laser diodes 
that are especially suited to various 
applications as mentioned below. 
Figure 10: In.As thin films grown by multi-wafer MBE system 
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Recently, ROHM has developed a 
novel laser diode for short-haul op- 
tical data communications by mod- 
i fy ing  the  des ign  and  mass  
production technology for CD laser 
diodes. It has a high relaxation 
frequency, around, 3 GHz, which is 
favorable to transmit data a rate of 
600 to 1200 Mbps. The lifetime is 
above 100,00 hours (11.4 years) 
under 3 mW CW operation at 60°C. 
Its reliability and lifetime are thought 
to be the best among all AIGaAs laser 
diodes available on the market. 
Laser diodes have been extensively 
used in a wide range of optoelec- 
tronic applications, including optical 
communications, compact disks, vi- 
deo disks and laser beam printers. It 
is estimated that over 7 million laser 
diodes are produced and sold each 
month. Approximately 95% of all the 
different types of laser diodes are 
AIGaAs laser diodes with wavelengths 
ranging from 770 to 860 nm. These 
are mainly used in audio CDs, CD- 
ROM, optical memories, VDs, laser 
beam printers and optical measure- 
l 
il;i:~i~!ii:;~i  ~;i:;i~i?~i~ i ~ ~ i;~i~ i~i;~ : i  ~ ~ i~;i~i;i i~i;~iii~i;~il ~ i t-i ~i:~i;i~i!~ ii ~ ~ ii ~i~ i ~i*i:~i~i~i;i:-~:~!i~:~:!~iii~ i~i~i*i*!:;i~i~i~i~ :  ~:~: ~ii~i~i~i:ii~ii~:~ : ::  ~::~:~::~:~.ili~i~:e  ~  ~ :~::~:~:~!~:: ~: : :::::::::::::::::::::::::::::::::::: :~::~: : :::::::::::::::::::::::: : ~::~: ~:: ::*::s:~:::~::::::::::] 
] :~ ~ :*~ ::.".:~-':::. ~ :  ~::~:~:*~-::*:~ -"; :~::::: :~ ~:~:*~:~* : :~:~: :~:~: :~:L~:~:~. .~; .~~ ~ • :~:~:~:~-::~:'~::~ : : : : : : : : : : : : : : : : : : : :  ** ~ :~:~:::~:~ ~ ~: : : :~: : - : :  t~  ~ ~ ~::~:'.'.'.":'~::.:: :::::. :. :: :: :::~ ~ ~ ~ ~::,z: :.::. : ~: ~ ~:~< ~ :~: ,~.  ~ ~ :~:~ :~:::~.~:~,~ . ~:~:.~::::;;:~<:~,~: :~ .~.,,,, ~:~>~, ~. :::::::::::::::::::::::::::::::::::::: : ::::::::::::::::::::::::::::::::::::::::::::: . - ~ ~: ~ ~ ::z<~:::::~::. :.: :~:~::~:~:::z.:~:~:~' 
ment equipment. The monthly production of ROHM 
exceeds 1 million laser diodes (see Figure 6 in Part 1 for 
three different applications of ROHM's lasers). 
3(c) Production of Hall 
Elements 
In recent years there have been strong demands for Hall 
elements for the market of electronic equipments (see 
Figure 7) such as video cassette recorders, floppy disk 
drives and CD-ROM drives. In this equipments the Hall 
elements are mainly used for brushless motors as 
magnetic sensors. InSb thin film Hall element and GaAs 
Hall element are well-known and are produced in high 
volume as magnetic field sensors. InSb Hall elements have 
high sensitivity to the magnetic field but are not suitable 
for high temperature operation. On the other hand GaAs 
Hall elements have a good temperature stability but their 
sensitivity is not so high. Thin film InAs Hall elements 
were predicted to have both high sensitivity and stability 
at high temperature operation. However, it is difficult to 
obtain InAs thin film with submicron thickness, high 
electron mobility and high sheet resistance required for 
high sensitivity Hall elements. Asahi Chemical Industry 
Co. Ltd. solved these problems by employing MBE to grow 
InAs thin film on GaAs substrates with 0.5 ~tm thickness 
and higher electron mobility of more than 10,000 cmZ/Vs 
at room temperature (see Figures 8-10). 
Asahi Chemical Industry Co. Ltd. is able to produce over 
8 million devices per year used for the equipments 
described above. 
Conclusions 
Although a quarter-century old, the MBE field is still 
young and vigorous. This is demonstrated by a number of 
qualitatively new, physics-based device concepts. In fact 
MBE has made possible the concept  of "Bandgap 
Engineering". 
MBE has reached a high degree of sophistication as a 
crystallographic growth technique for a variety of 
semiconductor materials, and is widely used at univer- 
sities, industrial R&D laboratories and in production. 
The marketability of the HEMT, GaAs/AlGaAs lasers, and 
InAs Hall sensors has been triumphant with several 
million devices produced per month which are used in 
a wide range of applications. The success of MBE 
technology can be explained by its inherent qualities 
such as precision, uniformity and reproducibility. The 
newer devices have yet to find real markets, but their 
mass production will undoubtedly take advantage of 
epitaxial wafer stability offered by MBE technology. The 
new device concepts are likely to be crucial in the future 
of the electronics industry. In the next decade, efforts will 
concentrate in combining MBE with in-situ processing 
for the fabrication of new device structures, especially in 
material systems containing A1GaAs which does oxidise 
when exposed to air. This will involve multiple-chamber 
systems which will include deposition chambers for 
semiconductors, metals and oxides, as well as chambers 
for dry etching, patterning and analysis. All these 
chambers being linked together in UHV. 
For several years MBE has been considered unsuitable 
for the growth of phosphides which are of great 
importance for several advanced electronic and optoelec- 
tronic applications. III-V compounds lattice-matched to
InP substrates to provide lasers and detectors for fibre 
optics, GaP materials used for visible laser diodes and 
LEDs, and phosphorus-based compounds have significant 
performance advantages over GaAs/AIGaAs for HEMTs 
and HBTs for microwave/millimetre wave applications. 
Recently, there have been many recent reports of MBE 
growth using the new valved cracker to control the 
phosphorus flux. This has opened a new chapter in the 
life of MBE with numerous possibilities for device 
structures on InP substrate. MBE will certainly be a major 
competition to the existing technology of photonic 
devices containing phosphide compounds. 
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